The use of polyethylene in sliding systems for automotive industry requires adequate mechanical properties, such as high wear resistance, besides good processing properties in conventional extrusion processes. Aiming to fulfill these requirements, crosslinks were introduced in a high molecular weight polyethylene (HMWPE) grade through a process involving grafting of vinyltrimethoxysilane (VTMOS) onto the polymer chain, promoted by dicumyl peroxide (DCP). The results obtained showed that the introduction of crosslinks improved the wear resistance of HMWPE. However, the HMWPE crosslinking led to a significant decrease in the Young's Modulus, as a result of the reduction in crystallinity or the heterogeneous structure of the crosslinked samples. The tensile strength and the thermal properties were not affected.
Introduction
Poly(tetrafluorethylene) (PTFE) and ultra high molecular weight polyethylene (UHMWPE) are the first choice materials, when low friction coefficient is the main performance parameter. However, the major difference between these two polymers is that the PTFE does not have a good wear resistance, unlike UHMWPE, which is the polymeric material that presents the best resistance to abrasion index, among other thermoplastic materials. Because of that, UHMWPE has been widely used in high tech applications, where the wear and debris must be avoided [1] [2] [3] [4] . It is worth mentioning that although UHMWPE has a good wear resistance, for some applications such as orthopedic prosthesis, satisfactory values of resistance to abrasion are only obtained by introducing crosslinks in the polymer chain, through irradiation with gamma radiation 5-9, . However, despite of the desirable mechanical properties that UHMWPE presents the high viscosity does not allow its processing in the conventional machinery used in polymer processing.
The use of polyethylene in sliding systems for automotive industry requires adequate mechanical properties, such as high wear resistance, besides good processing properties. There is an ethylene-1-hexene copolymer (HMWPE) in the market that although presents a high molecular weight can be processed by conventional extrusion processes 1, 10 . This polymer has a melt flow rate (MFR) of about 3.0 g/10 min, determined in accordance with the ASTM D1238 conditions (190°C and 21.6 kg), while the MFR of UHMWPE under the same experimental conditions is close to zero 10 . In order to obtain a suitable set of mechanical properties, it is desirable to introduce crosslinks in this polymer.
A process widely used to introduce crosslinking in polyethylene involves grafting a vinyl silane in the polymer chain and its subsequent hydrolysis, generating silanol groups. This reaction is promoted by an organic peroxide, usually dicumyl peroxide (DCP). The crosslinking occurs through condensation reactions of these silanol groups, leading to the formation of siloxane bridges (-Si-O-Si-), which restricts the mobility of the polymeric chains. An organotin catalyst is generally employed [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] . This crosslinking process may be performed in one single step (Monosil process) or in two steps (Sioplas process) 11 . The major difference between them is related to the procedure used for mixing the reactants. In the Sioplas process, silane and peroxide are fed together into the extruder and processed. The heating in the extrusion process promotes the peroxide degradation resulting in the grafted polymer, which is extruded and granulated. In the second step, the grafted polyethylene is mixed with the tin catalyst and extruded or injected. The obtained product is crosslinked after the extrusion in hot water, steam or moist air. In the Monosil process, silane, peroxide and catalyst are all fed together into the extruder. The length (L)/diameter (D) extruder ratio of about 30:1 allows the reactants to be reacted (grafted) during the extrusion process. After the extrusion, the polymer is crosslinked by exposing it to the steam or hot water. Other more recent technology involves the copolymerization of the silane in the polymer chain during the polymerization process 11,18-20, . By crosslinking, some important properties of polyethylene such as: creep 12, 27 and wear resistance 8, 9, 11, 12 From our knowledge, there is a lack of studies regarding crosslinking of the polyethylene grade used in this study and the resulting mechanical properties. Besides, in most of the studies involving silane-grafting and moisture crosslinking of polyethylene, there is no investigation of its tribological behavior. The aim of this work is to evaluate the thermal and mechanical properties resulting from the crosslinking of HMWPE by the Sioplas process. Assess the possibility of applying the obtained materials in sliding systems for automotive industry is also one of the objectives of this work. In order to accomplish this, a preliminary investigation of the tribological behavior of the crosslinked HMWPE samples was performed.
Experimental Procedure

Materials
The polymer used in this work was a commercial high molecular weight ethylene-1 hexene copolymer (HS5103) supplied by Braskem S. A. Specifications of this resin are presented in Table 1 1 . 
Grafting procedure
Mixtures of HMWPE, DCP (0.01wt%) and VTMOS (0.5, 1.0 and 1.5 wt%) were processed in a AXPlásticos single screw extruder at 50 rpm. The extruder had a screw diameter of 30 mm and a length/diameter ratio of 32:1. The temperature profile in the extruder from the feed to the metering zone was set to 190/220/240/260/280°C. The extruded samples were mixed with the tin catalyst (0.05 wt%) and reprocessed in the extruder using the same experimental conditions above described. The samples were then immediately stored in a oven at 60°C to prevent atmospheric absorption of water. Dried extruded granules were then compression molded in a hot Carver Press at 190°C for 5 min to make sheets of 2 mm thick for water crosslinking reactions 
Water crosslinking reactions
In order to provide the crosslinking reaction in the HMWPE, the silane-grafted sheet samples were immersed in a hot water bath at 80°C, for a period of 24 h, in a Quimis equipment, Model Q 215-2 1 .
Characterization
The following analysis were used to characterize the materials obtained:
Fourier transform infrared (FTIR) spectroscopy
FTIR spectra for crosslinked HMWPE films were recorded in the region of 4000-600 cm -1 using the Varian infrared spectrometer, Excalibur Series 100, equipped with a diamond crystal attenuated total reflectance (ATR) accessory. Films of 0.2 mm thick were obtained by compression molding in a Carver Press at 200°C for 5 min.
Gel content
The gel content of the HMWPE crosslinked samples was determined according to ASTM-D2765. The samples with about 0.3 g were allowed to swell and the soluble fractions were extracted in Xylene at (120 ± 2)°C for 24 h. The samples were then dried to a constant weight at a vacuum oven at (60 ± 1)°C. The gel content was determined by calculating the percentage of the sample weight remaining related to the sample initial weight.
Dynamic mechanical analysis (DMA)
The Storage Moduli (E') of the HMWPE samples were determined in a Q 800 dynamic mechanical analyser (DMA) (TA Instruments) by employing a tensile configuration. Specimens with 16 mm x 4 mm x 2.2 mm dimensions were prepared by compression molding in a Carver Press at 190°C for 5 min. Temperature was swept from 30 0 to 190°C at 3°C / min with a modulating strain of 0.2% at 1 Hz. The Storage Modulus (E´) was reported as a function of temperature. E´ values in the rubbery plateau region were then obtained at 180°C for each sample.
Differential scanning calorimetry (DSC)
The thermal properties of HMWPE and VTMOS crosslinked HMWPE samples were evaluated by DSC using a Perkin Elmer 7 Series Thermal Analysis System. Polymer samples of 4.5-7 mg were encapsulated in standard aluminum pans. An indium standard was used to calibrate the temperature scale and enthalpy of melting. The endotherms were determined at a heating rate of 10 °C / min over a range of 30° to 200°C under nitrogen atmosphere. The degree of crystallinity of the samples was calculated from the enthalpy of melting, assuming a value of 293 J/g for a melting enthalpy of a 100% crystalline polyethylene.
Thermogravimetric analysis (TGA)
The thermal stability of the samples was evaluated by TGA. The analyses were performed from 25 to 700°C at a heating rate of 10°C/min under nitrogen flow. The initial temperature of loss of weight (T onset ) and the temperature, in which the loss of weight was maximum were measured.
Tensile testing
Tensile properties were measured using a Shimadzu Universal Testing Machine, Model AG-I with a 5 kN load cell. Tests were conducted in accordance to ASTM D 638 using Type V test specimen dimensions. A crosshead speed of 2 mm/min was employed.
Sliding wear testing
The sliding wear tests were performed in an equipment developed by the Brazilian company NFP Automotive to perform tests with conventional and new developed materials. This equipment is composed of a cart like compartment, which has a steel base where the sample to be tested with dimensions of 150 mm x 15 mm x 2 mm is placed. This base is disposed on linear bearings and connected to a motor that rotates at a frequency range of 50 to 60 rpm by an articulated rod. A polished carbon steel AISI 1020 pin with 10 mm diameter is positioned on the prepared sample in the cart. This pin is kept in a vertical position by an aluminum base connected to a load cell (MK Controle, Model CSA -10 kg), which is supported by a bearing type rod in a steel base. The aluminum base has a support, where weights may be allocated allowing the reproduction of a sliding movement between two materials subject to a stress. The pin imposes a stress on the sample and the sliding force between them is recorded by the load cell during the entire movement and during all desired cycles. In this work, a force of 74 N was applied to the pin and the friction forces were acquired at each 600 cycles. These experimental conditions were adopted based on tests performed on gearboxes for heavy trucks used in NFP automotive 1 . In order to determine the abrasion resistance, the specimens were weighted before and after the test.
Results and Discussion
In order to obtain a material with improved wear resistance and good processability, crosslinks were introduced in a high molecular weight polyethylene grade. The crosslinking method employed is based on the grafting of a vinyl silane onto the polymer chain and the formation of siloxane bridges, through moisture crosslinking. The main features of the products obtained are described below. Figure 1 shows the mechanism leading to the crosslinking of polyethylene and the involved reactions 14, [18] [19] [20] [29] [30] [31] . The changes in the content of structures I-III and the occurrence of oxidation products, whose absorption bands are reported in Table 2 are often used to monitor the crosslinking process In this work, FTIR technique was used to ensure that silane grafting and crosslinking reaction ocurred as a result of the Sioplas process. Figure 2 shows the FTIR spectra of HMWPE before and after crosslinking with 1.5 wt% of VTMOS, promoted by 0.01 wt% of DCP in the presence of 0.05 wt% of a tin catalyst. Quite similar spectra were obtained for HMWPE crosslinked with 0.5 and 1.0 wt% of VTMOS.
Evidence for grafting and crosslinking reactions
There is an absorption peak at 1096 cm -1 related to the Si-O-C stretching vibration of the silane group. According to Ahmed et al. 32 , the absorption peaks at 1192 and 1092 cm -1 are characteristic of the methoxy groups Si-OCH 3 and any siloxane crosslinks (Si-O-Si) that are formed during extrusion. There is also a peak at 1260 cm . The peak at 1016 cm -1 may be assigned to the Si-O-Si asymmetric streching 31 . In this work, the peaks related to silane grafting and crosslinking reactions became more evident as the concentration of silane was increased. The absorption bands at 2916, 2848 and 719 cm -1 correspond to polyethylene CH 2 asymmetric stretching, CH 2 symmetric stretching and rocking deformation 29 . The gel content increases with the increase of silane concentration. These results are in agreement with those obtained by other researchers 14, 16, 33 . There are evidences that high concentrations of silane grafted polyethylene are obtained using low concentrations of peroxide or with the increasing of peroxide concentration using low concentrations of silane. These studies indicate that, on basis of the processing conditions adopted, there is a optimum ratio between silane and peroxide concentration that provides the better efficiency of the graftization process 11 . According to Tamboli et al. 13 , the main difference between thermoplastic and crosslinked polymer is that, at the temperature above the crystalline melting point, crosslinked polymer behaves as a soft rubber, while thermoplastic has no significant strength above melting temperature. Figure 3 presents the DMA curves of HMWPE and VTMOS crosslinked HMWPE samples. The profile of DMA curve of HMWPE is not affected by the introductions of crosslinks as shown in Figure 3 . However, from 100°C, the samples processed with VTMOS present a slightly greater reduction of the E`values than the E' value presented by the HMWPE. A pronounced drop in E' is observed around 140°C due to the melting of the polymer. Compared to the HMWPE, the silane HMWPE crosslinked samples present higher and constant E´ values in high temperatures. Even, the DMA curve of HMWPE tends to flatten at higher temperatures. This finding has been attributed to the formation of unintended crosslinks caused by moisture intrusion into the polymer both pre and pro extrusion 18 . An increasing of the pseudoequilibrium modulus (E') in the rubbery plateau region with the increasing of VTMOS concentration is also observed (Table 3) . Table 4 presents the following thermal properties of the materials under study: melting temperature (T m ), crystallization temperature (T c ), degree of crystallinity (X c ), the temperature of the beginning of degradation (T onset ) and the temperature at which the rate of thermal degradation is maximum (T max ).
Effect of the VTMOS concentration on the gel content and on the storage moduli (E') of the HMWPE samples.
Thermal properties
The thermal properties of HMWPE are not greatly affected by the introduction of crosslinks, as the silane polyethylene crosslinking occurs basically in the amorphous regions leaving the crystalline phase unchanged or slightly modified. Although the energy of the Si-O-Si linkages is high, 779 kJ/mol, the introduction of crosslinks hardly affect the polyethylene thermal stability, especially in a nitrogen atmosphere 21 . Similar results have been found by others researchers 12, 15 . Table 5 shows the tensile mechanical properties of HMWPE and VTMOS crosslinked HMWPE samples.
Tensile mechanical properties
The results obtained shows that the HMWPE crosslinking led to a significant decrease in the elasticity modulus. However, the increasing of VTMOS concentration and gel content have not promoted any increasing in the Young´s Modulus of the crosslinked samples. This result was not expected as the mobility of the polymeric chains is restricted by the introduction of crosslinks 25 . Some researchers has attributed the decrease of the Young`s Modulus with the increase of the crosslinking density to a decrease in HMWPE crystallinity 13, 34 . According to Tamboli et al 13 , reduction in crystallinity occurs because crosslinking takes place in the amorphous phase. Decrease in the degree of crystallinity and crystalline thickness promotes a decrease of the Young's Modulus. Khonakdar 34 et al. in a study of high density polyethylene crosslinked with di-tert butyl cumyl peroxide (BCUP) verified that the glass transition temperature decreased with the increase of peroxide concentration. This result was attributed to the reduction in crystallinity and the expected increase in free volume as a result of restriction in chain packing. These researchers verified a decrease in the tensile modulus with the increase of peroxide concentration.
The decrease of the elasticity modulus may also be considered a result of the heterogeneous structure of the crosslinked samples, composed by regions in which there are highly crosslinked centers and a large fraction of effectively uncrosslinked chains 15 . In this study, there was a slight decrease in the HMWPE degree of crystallinity with the increase of VTMOS concentration (Table 4) . However, it is not possible to say for sure that this observed decrease in the modulus was due to this gentle decrease of HWMPE crystallinity. The heterogeneous structure of crosslinked samples may also be responsible by the reduction of the HMWPE elasticity modulus with the increase of the crosslinking density. Table 5 shows that the HMWPE yield tensile strength was not affected by the reticulation process. This result is in agreement with those obtained by other researchers 11 . The increase in tensile strength seems to be caused basically by the -C-C-crosslinks, whereas the effect of siloxane bridges on this property is considered secondary. However, other studies indicate the tensile strength increases gradually with increasing of silane concentration from zero to 1.5 phr. This result has been attributed to the formation of a crosslinked structure considered very stable due to the high bond energy of the siloxane links 33 .
Tribological properties
The friction and wear are often hard to predict from the material properties. Therefore, it is usually necessary to perform friction and wear tests for developing a tribo engineering system for a specific application. During test, it is important to simulate the conditions at which the system will be submitted because many variables, such as: contact pressure, temperature, sliding velocity, roughness of the rubbing surfaces, relative motion, among others affect wear and friction. The polymer molecular structure, viscoelastic behavior, surface texture and processing properties also have influence of the polymer tribological properties. Therefore, it is very important to simplify tests in order to exclude variables not significant for a given application 35, 36 . In polymer friction, the main mechanisms of wear are adhesion, abrasion and fatigue. According to Lancaster 37 , abrasive wear has been defined as wear by displacement of material from surfaces in relative motion caused by the presence of hard protuberances, or by the presence of hard particles, either between the surfaces or embedded in one of them. However, the wear of polymers is very complex and frequently none of the friction mechanisms of failure can be achieved without participation of others.
In this work, as mentioned earlier, sliding wear tests were performed in an equipment developed by the Brazilian company NFP Automotive 1 . In this company, there is a demand to perform tests with conventional materials as well as some new proposed materials. The tribological tests are performed in order to evaluate if a material could be used for the development of steering columns and i-shaft systems for transportation segments. A significant small wear is desirable to ensure low friction over high number of cycles that corresponds to the life span of these automotive parts. The mass loss is usually an indication that the test material is not suitable for the desired application. Figure 4 presents the relationship between the tribological pairs under study and the slip cycles.
by increasing the crosslinking density seems to be basically dependent on the decreased conformational segmental mobility of the polymeric chains. This restricted mobility of the chains leads to a significant reduction in the surface deformation and orientation, which are the primary precursors of wear particle generation 40 . Figure 4 shows that a steady value of coefficient of friction is achieved by both, the HMWPE/ Carbon Steel 1020 and HMWPE crosslinked with 0.5wt% of VTMOS/ Carbon Steel 1020 friction pairs. However, the stationary value of the dynamic coefficient friction of this sample / Carbon Steel pair is lower than that presented by the HMWPE/ Carbon steel friction pair. This result may be an indication that the crosslinking of HMWPE with this low concentration of silane improves the wear resistance of this polymer. The coefficient of friction of HMWPE/ Carbon Steel pair seems to achieve a constant friction coefficient from 4800 cycles. However, this coefficient of friction begins to oscillate and appears to increase again from 15000 cycles. These oscillations may be attributed to changes in the sample, such as degradation.
Some empirical correlations established for the abrasive wear shows the wear rate is proportional to the inverse of the double strain energy in the elastic region of the tensile curve for the softer material 35 . Therefore, the evaluation of the resilience of the materials under study becomes interesting. Figure 5 shows the resilience of HMWPE and VTMOS crosslinked HMWPE samples. The variation of wear rate with operating time involves three distinct stages: a running-in period, a steady-state period and a severe wear period. At the starting of the experiment, the friction force is low due to the initial contact between the two materials that constitute the tribological system. As the friction continues, the softer material becomes worn and remains in contact with the harder material. The roughening of the surface of the softer material causes the ploughing and there is an increase of the coefficient of friction between the two materials. After a certain period, the increase of roughness and other parameters may reach a steady value and then, the values of the coefficient of friction remains constant. At this time, the friction force becomes independent on the force acting on the softer material 36 .
In the first part of the tribological test, an increase in temperature and the formation of a transfer film is often noticed. This film is formed by the polymer particles that lie between the asperities at the steel pin surface. The formation of a transfer film occurs for most polymers, except for the highly crosslinked and some glassy polymers. Transfer film has important effects on the tribological behavior of polymers. In general, the thinner and more uniform and continuous the transfer film is, the lower the coefficient of friction. During the stationary test stage, however, oscillations of the coefficient of friction may occur due to local breakdown and recovery of the transfer film 35, 36, 38, 39 . The mechanism of improvement in the wear resistance of the ultra high molecular weight polyethylene (UHMWPE) The resilience of the polyethylene crosslinked with 0.5 wt% of VTMOS is higher than that of the HMWPE. Thus, this crosslinked sample has more capacity to sustain the stresses caused by the contact with the asperities without significant permanent deformation. This result might be a plausible explanation for the increased resistance to wear this sample presents compared to that presented by the HMWPE.
Inspection of Figure 4 shows that at the starting of the sliding test the HMWPE crosslinked with 1.0 wt% of VTMOS/steel pair and the HMWPE crosslinked with 1.5 wt% of VTMOS/ steel pair exhibit a coefficient of friction around 0.34 and 0.33. This result perhaps may be attributed to the higher gel content and hardness of these samples.
A steady value of the coefficient of friction was not achieved during the sliding test of the crosslinked HMWPE with 1.0 and 1.5 wt% of VTMOS / steel tribological systems (Figure 4) . These results may be an indication that the restricted mobility of the polyethylene chains with higher crosslinking density (Table 3 ) may be hampering the formation of the transfer films. In order to obtain more reliable results it is necessary to perform a experiment with a higher number of cycles or with an increasing of the normal force. Table 6 shows the loss of mass of HMWPE and VTMOS crosslinked HMWPE samples during the wear sliding test. It is possible to see that in the experimental conditions used in this work the VTMOS crosslinked HMWPE samples/ Carbon Steel 1020 tribosystems presented higher wear resistance than the HMWPE/ Carbon steel 1020 tribosystem.
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Concluding Remarks
The results obtained indicate the gel content and crosslinkink density of HMWPE increase with the increasing of VTMOS content. The thermal properties were not much affected by the crosslinking density. The tensile modulus of HMWPE decreased with the introduction of crosslinks. Maybe, this result may be explained by the observed tendency of reducing the degree of crystallinity of HMWPE with increasing of the crosslink density or by the heterogeneous network formation. The yield tensile strength of HMWPE, however, was not affected. The preliminary investigation of the tribological behavior of the HMWPE/ steel 1020 pair and HMWPE crosslinked samples/ Carbon Steel 1020 pairs indicated that the functionalization of HMWPE with VTMOS improved the wear resistance of HMWPE in the experimental conditions adopted in this work. In order to obtain more reliable results for the tribological properties, in the next steps of this study, experiments with a higher number of cycles or with an increasing of the normal force should be performed.
